Abstract Ecobiotechnological approach is an attractive and economical strategy to enrich beneficial microbes on waste biomass for production of Polyhydroxyalkanoate (PHA). Here, six strains of Bacillus spp. were used to produce co-polymers of PHA from pea-shells. Of the 57 mixed bacterial cultures (BCs) screened, two of the BCs, designated as 5BC1 and 5BC2, each containing 5 strains could produce PHA co-polymer at the rate of 505-560 mg/l from feed consisting of pea-shell slurry (PSS, 2 % total solids) and 1 % glucose (w/v). Co-polymer production was enhanced from 65-560 mg/l on untreated PSS to 1,610-1,645 mg/l from PSS treated with defined hydrolytic bacteria and 1 % glucose. Supplementation of the PSS hydrolysate with sodium propionate enabled 5BC1 to produce co-polymer P(3HB-co-3HV) with a 3HV content up to 13 % and a concomitant 1.46-fold enhancement in PHA yield. Using the principles of ecobiotechnology, this is the first demonstration of PHA co-polymer production by defined co-cultures of Bacillus from biowaste as feed under non-axenic conditions.
Introduction
Petroleum-based plastics are a constant burden on the ever dwindling fossil fuel reserves and being non-biodegradable, these add to environmental pollution [1, 2] . The commonly accepted alternative to this issue is the production of biodegradable plastics such as polyhydroxyalknoates (PHAs). A large number of microbes have been reported to produce PHAs under stressed physiological conditions [3, 4] . However, the process is still uneconomical as more than 45 % of the production cost is incurred on feed material and recovery process [5] . Another limiting factor is the brittle nature of most widely produced homopolymer-polyhydroxybutyrate (PHB). In order to circumvent the issues of production cost and the quality of the polymer, quite a few efforts have been made. It has been realized that co-polymers of PHA such as P(3HB-co-3HV) have better physical properties and a broad range of applications. The production of PHA and its co-polymers have been reported from cheap and renewable sources like biowastes such as olive oil mill pomace, dairy wastes, oily waste, industrial waste, agricultural waste, sugar, molasses, cannery and paper mill wastes, biodiesel production waste, etc. [4, [6] [7] [8] . The major apprehension in employing a single bacterial strain for driving a biotechnological process, especially if biowastes are being used as feed, is the presence of unwanted microflora accompanying it. The process is likely to be highly fluctuative. Use of well-defined feed stocks and aseptic condition results in higher production costs. Here, it is desirable to exploit the principles of ecobiotechnology, where natural selection and competition are the prime factors. It engineers the ecosystem rather than the PHA producing organism [9, 10] . Unlike the use of undefined mixed culture for the enrichment of a desirable bacteria, which may be in the minority or may not even exist, the use of defined high PHA producing organisms as mixed bacterial culture is likely to drive the process successfully. Here, Bacillus could be a potent contender as a robust bacterium. Bacillus is an established organism which can withstand adverse conditions, by undergoing sporulation, compete well with other organisms by producing antibiotics and antibacterials such as acylhomoserine lactonases, biosurfactants, hydrolytic enzymes [1, [11] [12] [13] . Its candidature is further supported by its status as an organism, which is generally regarded as safe (GRAS) by the Food and Drug Administration [4, 12] . In addition, the most important feature is that Bacillus spp. are among those few organisms, which can produce homopolymer and co-polymer of PHA from pure substrates as well as biological wastes [4, 14, 15] . Thus, defined cocultures consisting of exclusively Bacillus spp. are likely to succeed in utilizing biowastes to produce co-polymers of PHA. In this study, it has been shown that co-polymers of PHA using pea-shells (PS) as feed can be produced by integrating various approaches: (i) use co-culture of bacteria to hydrolyze biowaste, (ii) use well defined co-culture of Bacillus strains to produce PHA, (iii) use precursors as a supplement for co-polymer production from biowastes.
Materials and Methods

Organisms and Growth Conditions
Bacterial strains, isolated in our laboratory, were used for preparing: (a) mixed hydrolytic culture (MHC2) using high hydrolytic bacteria-Bacillus sphaericus EGU542; Bacillus thuringiensis EGU378; Bacillus sp. EGU85, Bacillus sp. EGU367, Bacillus sp. EGU447, and Proteus mirabilis EGU30 [16, 17] , and (b) PHA producing co-cultures using-Bacillus cereus EGU3, EGU43, EGU44 and EGU520; B. thuringiensis EGU45 and Bacillus sp. EGU75 [5] . Bacterial strains were grown on nutrient broth_ 13 g/l (HiMedia, Mumbai, India) and incubated at 37°C at 200 rev/min. The actively growing bacterial cultures were centrifuged at 5,600 g for 20 min and protein content was estimated by Lowry's method [16] .
Preparation of Co-cultures for PHA Production A total fifty seven combinations of Bacillus co-cultures (BCs) were prepared using 6 Bacillus strains, where each contained 2-6 strains and were designated as 2BC1-15, 3BC1-20, 4BC1-15, 5BC1-6 and 6BC1 (Table S1 ). In each BC, all isolates were mixed in equal proportions to achieve a final cell protein concentration of 1 lg/ml in the case of GM2 medium and 10 lg/ml in the case of the PSS [16] .
PHA Production and Analysis
PHB Production on GM2 Medium
Screening of 57 BCs for their ability to produce PHB was done by inoculating them at the rate of 1 lg cell protein/ml into GM2 medium containing (g/l): Yeast extract, 1.0; K 2 HPO 4 , 1.0; MgSO 4 .7H 2 O, 0.5; Glucose, 10; pH 7.2. For each BC, 200 ml of the medium was taken in 1 l conical flasks and incubated at 37°C at 200 rev/min for 48 h. Nine BCs showing high PHB producing abilities were selected for further experimental work. These 9 BCs were analyzed for PHA production at 24, 48 and 72 h after incubation.
PHA Production on Hydrolyzed pea-Shell Slurry
Batch-culture digestion (250 ml) of PS slurry (PSS) consisting of 2 % total solids (TS) was prepared in distilled water by inoculating it with MHC2 and processed as described previously [16] . Uninoculated PSS served as control. PSS hydrolysate (200 ml) supplemented with 1 % glucose (w/v) was inoculated with 9 high PHA producing BCs at the rate of 10 lg cell protein/ml. PHA production was monitored for 24 and 48 h of incubation at 37°C and 200 rev/min. The effect of hydrolysis by MHC2 on PHA production was estimated by comparing it with the control. High PHA producing mixed culture 5BC1 and B. cereus EGU44 were used for the production of co-polymer from PSS hydrolysate supplemented with precursor substrates: sodium propionate (SP) and valeric acid (VA) at concentrations of 0.5, 1 and 2 % (v/v) at time zero (i) as the C source, (ii) along with 0.5 % glucose, and (iii) after 24 h of growth on glucose. The cultures were incubated at 37°C, 200 rev/min and analyzed for PHA at 48 h after supplementation with precursor.
PHA Analysis
Aliquots (200 ml) were used to estimate the dry cell mass (DCM) and PHA production as described previously [16] . PHA content was analyzed by GC fitted with dimethylpolysiloxane capillary column DB-1 (30 m 9 0.25 mm 9 0.25 lm) and flame ionization detector (FID). PHB and P(3HB-co-3HV) (Sigma-Aldrich, USA) were used as standards and benzoic acid as the internal standard.
Volatile Fatty Acid Analysis
Organic acids (1 ml) were sampled after accumulation stage, centrifuged at 10,000 rpm, 4°C and filtered through a syringe filter (0.45 lm). 1 ll of samples were injected to GC equipped with Chromosorb 101 column (2 m 9 0.317 cm 9 0.3 mm) with FID. 1 % aqueous solution of SP and VA (GC grade, Sigma-Aldrich, USA) were used as standard [16] .
Results
PHB Production on GM2 Medium
Six Bacillus strains used here as defined co-cultures, have been reported to produce homopolymers-PHB [5] . Their PHB contents were found to vary from 190-435 mg/l with a PHB yield of 31-62 % w/w on GM2 medium containing 1 % glucose as C source [5] . A major limitation associated with this bioprocess driven by a single bacterial strain is the risk of getting outcompeted by microbial flora which may accompany biowaste, in case it is to be used as feed. Hence, we used these 6 bacterial cultures in various combinations. It is expected to improve the chances of at least one of them getting enriched, depending upon the type of waste being employed. Fifty seven different co-cultures involving 2-6 bacterial strains were found to produce PHB (mg/l) as follows: (i) 150 with 6BC1, (ii) 115-230 with 5BC1-5BC6, (iii) 5-250 with 4BC1-4BC15, (iv) 10-185 with 3BC1-3BC20, and (v) 120-230 with 2BC1-2BC15 (Table S1) .
Nine BCs representing combinations of 2-6 bacteria, each producing PHB in the range of 150-230 mg/l were selected for further processing (Table 1) . All these 57 combinations tested on GM2 medium containing 1 % glucose (w/v) were found to produce only PHB. In comparison to the initial screening of 57 BCs tested for PHB production for 48 h, the best 9 BCs were evaluated at 24, 48 and 72 h after incubation. Since no improvement in the PHB yield was recorded by extending the incubation period beyond 48 h, we selected this period for subsequent analysis.
PHA Production from Biowaste
Biowaste hydrolysis leads to release of various simple organic compounds including volatile fatty acids (VFAs). These VFAs may be utilized by bacteria as C source and serve as precursor substrate for PHA production [18] [19] [20] [21] . PHA production from PSS supplemented with 1 % glucose (w/v) by 9 selected BCs was found to vary from 65-560 mg/l with a yield of 2.8-18.2 % of DCM. This is in clear contrast with the capacities of BCs on GM2 medium, where they could store up to 60.5 % of DCM as PHB. The interesting observations recorded with PSS were (i) the high DCM in the range of 2,385-3,580 mg/l, and (ii) production of co-polymers P(3HB-co-3HV) ( Table 2) . At this stage, bacteria known for hydrolyzing PSS efficiently were combined and used as inoculum to solubilize PSS. This treatment of PSS with hydrolytic bacterial co-culture designated as MHC2 [16] , lead to three advantages to the PHA producing co-cultures over untreated PSS: i) DCM increased up to 4,850 mg/l, ii) PHA content was enhanced up to 1,645 mg/l and (iii) co-polymer production was improved largely due to higher 3HB content (Fig. 1) . Among the 9 BCs, 5BC1 and 5BC2 proved to be the best combinations with unhydrolyzed and hydrolyzed PSS, where they yielded PHA in the range of 505-560 and 1,610-1,645 mg/l, respectively (Table 2 ). In addition, hydrolysis of PSS resulted in (i) 1.43-1.62-fold higher DCM, (ii) 2.87-3.25-fold improvement in PHA content. Although BCs could produce co-polymers of PHA from PSS, however, hydrolysis of PSS resulted in lowering HV content from 6 to 1 mol%. Efforts were thus made to improve the quality of P(3HB-co-3HV) by supplementing the hydrolyzed PSS with PHA precursor molecules.
Effect of Precursor Substrates on PHA Co-polymer
An analysis of fatty acid profile of PSS hydrolyzed with MHC2 had revealed the production of acetate and butyrate only, the precursors for PHB [16] . Since no other VFAs including VA were detectable in the PSS hydrolysate, it was opined that the addition of SP and VA, the precursors for 3HV, may prove helpful in improving the 3HV content of the co-polymer. Between 5BC1 and 5BC2, the 3HV content was higher with 5BC1 and was thus considered for precursor supplementation studies. Although glucose is a preferred source of C over other substrates, especially for growth and PHB production, it is desirable to minimize the use of glucose as it adds to the cost of production. Secondly, since SP and VA were used as additional sources of odd chain length hydroxyacid monomers, glucose concentration was reduced from 1 to 0.5 % in these experiments. SP as supplement proved effective in enhancing DCM yield from 3,460 in the control to 3,850 mg/l (Table 3 ). In contrast, addition of VA had a negative effect on DCM of 5BC1. Similar observations were also recorded for PHA contents, which improved from 650 to 1,050 mg/l in feed supplemented with SP, whereas VA was not helpful in this respect. The most interesting feature of the supplemented SP was the significant improvement in the quality of P(3HB-co-3HV): from homopolymer (PHB) in control to co-polymers containing 7-13 % 3HV. Once more VA addition was slightly less effective than SP, however, compared to control 3HV content was improved from 0 to 10 % (Table 3) . It may be remarked further that 5BC1 in combination with hydrolyzed PSS supplemented with 3HV precursors could produce up to 84 mg/l 3HV with SP and up to 64 mg/l 3HV in comparison to 25 mg/l of 3HV recorded with hydrolysed PSS. The effect of 5BC1, a combination of 5 Bacillus strains was thus quite evident compared to a single Bacillus strain EGU44 as PHA producing bacteria. With B. cereus EGU44, although DCM was quite similar, PHA content was lower than that recorded with PSS but 3HV contents at/of 10-17 mol% were slightly better than those with PSS. In addition to the impact on PHA accumulation, supplementation of precursors also influenced the DCM. With hydrolysed PSS supplemented with SP or VA, the DCM of 5BC1 was in the range of 1,200-1,300 and 600-800 mg/l, respectively. However, the simultaneous addition of glucose (0.5 % w/v) and precursors (0.5-1.0 % w/v) resulted in higher DCM: 2,500-2,700 mg/l with SP and 1,200-1,400 mg/l with the VA (Fig. 2) . A substantial enhancement in DCM was recorded when precursors were added 24 h after the initial incubation: (i) 1.42-2.37-fold with SP (0.5-2.0 % v/v) and (ii) 1.47-2.13-fold with VA (0.5-2.0 % v/v). It may be concluded that the addition of 0.5 % v/v of the precursors after 24 h of incubation is sufficient to get high DCM content. Similar trends in DCM were also recorded with B. cereus EGU44. Values are based on three sets of experiments. Standard deviation was less than 5 % DCM dry cell mass, 3HB 3-hydroxybutyrate, 3HV 3-hydroxyvalerate, nd not detectable a Bacillus co-culture for PHA production (See Table S1 for details)
b Pea-shell slurry, PSS (2 % TS) pretreated for 2 days with MHC2 and supplemented with 1 % w/v glucose c Not detectable
Discussion
Biological processes driven by a single bacterial strain are always at the risk of getting contaminated and destabilized. Ecobiotechnological approach engineers the ecosystem rather than the bacterial strain. It can be achieved through the use of defined cultures. Undefined and mixed cultures have been used quite frequently to produce PHA [22] [23] [24] [25] [26] , while no defined co-cultures of Bacillus to produce copolymers of PHA have been reported so far [10] . Here, bacteria may shift their metabolism from the production of homopolymer to co-polymers, especially on supplementation with precursor molecules [1, 27, 28] . B. cereus EGU44 strain, on an individual basis, yielded 62.5 g PHA/kg TS fed [16] , which could be enhanced to 71 g PHA/kg TS fed with a mixture of 5 strains (5BC1). Another interesting feature is that pure Bacillus strain could produce only homopolymer-PHB, whereas the use of mixed defined culture lead to the production of co-polymer of PHA (3HB-co-3HV). This improvement in PHA characteristic was seen with shift in physiological conditions as follows:
biowaste, hydrolysed biowaste and finally the addition of precursors, leading to changes in co-polymer contents (3HB:3HV, mol%): 94:6, 99:1 and 93:7, respectively (Tables 2 and 3 ). We could find only one report of Bacillus with an ability to produce PHA co-polymer having 3HV content up to 10 mol% from Madhuca sp. flower extract [29] . Using undefined mixed cultures, P(3HB-co-3HV) having a 3HV content up to 69 % could be achieved on substrates like fermented cannery wastewater sludge, paper mill wastewater or sugar cane molasses [30] [31] [32] . More recent efforts using undefined mixed microbial cultures from activated sludge consisting predominantly of Firmicutes and Proteobacteria could yield up to 8 mol% of 3HV on sludge waste water as substrate [23] . In the present study, the two major strategic changes: (i) defined co-cultures to alleviate the risks of failures generally associated with biodegradation of biowastes and (ii) precursors supplementation helped to enhance PHA characteristics and yield. In addition, during co-polymer production, the availability of acetic acid and butyric acid in the hydrolysate of PS proved beneficial in reducing the amount of glucose by half in comparison to 1.0 % (W/v), which was used in the previous study [16] . In fact, the usage of a Values are based on three sets of experiments. Standard deviation was less than 5 % DCM dry cell mass, 3HB 3-hydroxybutyrate, 3HV 3-hydroxyvalerate a Pea-shell slurry (2 % TS) pretreated for 2 days with MHC2 and supplemented with 0.5 % (w/v) glucose b No precursor substrate added mixture of VFAs results in the formation of acetyl-CoA and propionyl-CoA as precursors for PHA producers, consequently yielding a co-polymer containing HB and HV monomers [19] [20] [21] . This study provides a promising strategy to: (i) exploit the co-polymer producing abilities of Bacillus strains, (ii) use defined combination of Bacillus strains as PHA producers, (iii) use PSS as feed material, (iv) reduce the usage of glucose as C source and (v) enhance the DCM content with biowaste. Since these Bacillus spp. are also known to produce H 2 from pea-shells [16] , an integrated approach will certainly help to improve the economics of the process. Fig. 2 Bacterial biomass production with co-culture (5BC1) and Bacillus cereus EGU44 using hydrolyzed peashell slurry supplemented with different precursor substrates at different time periods: I 0 h, without glucose, II 0 h, with glucose (0.5 %), and III after 24 h growth on glucose (0.5 %); Values are based on three sets of experiments. Standard deviation was less than 5 %
